packings tested, it is probably unfair to make a precise comparison
with perforated plates. Further research probably will show certain
packings in the proper column diameter: packing diameter ratio
to be as good or better than perforated or bubble cap plates.

When 1,5-pentanediol is the extractive distillation agent, the

perforated plate column gives a separation of an apparent relative
volatility of ethyl acetate to ethanol of 3.19. With helices it is 2.32;
with Berl saddles, 2.08; with Intalox saddles, 2.02; and with Raschig
rings, 2.08. These data show that, although packed columns may
not be quite as efficient as perforated plate columns, they can in-
deed be used in extractive distillation.
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Catalytic Conversion of Large Molecules: Effect of Pore Size and

Concentration

INTRODUCTION

Catalytic conversion of large molecules, such as heavy petroleum
residue and coal-derived liquids, involves the restricted pore-dif-
fusion transport of such molecules into the catalyst pellets. The sizes
of molecules in these feedstocks range between 25 X 107 m and
150 X 10710 m. The largest fraction is around 50 X 1071® m
(Ruckenstein and Tsai, 1981).

The degree of restriction of these molecules by the pore wall has
been the subject of many investigations (Colton et al., 1975; Prasher
and Ma, 1977, Prasher et al., 1978).

The catalytic conversion of large molecules, optimal pore size
of catalyst pellets, has been reported for heavy petroleum residue
(Eigenson et al., 1977; Ohtsuka, 1977) and for coal-derived liquids
(Brooks et al., 1976; and Yet et al., 1976). In this paper we shall
investigate the optimal pore size for these feedstocks with the as-
sumption of first-order chemical kinetics (Sapre et al., 1980; Schuit
and Gates, 1973). The interaction between diffusing molecules and
the surface may play an important role in catalytic conversion of
large molecules. In fact, Glandt (1981) has shown that the con-
centration is higher in the periphery of the pore than at the center.
This interaction, however, is ignored in this work because the
empbhasis of this paper is on the interplay among diffusion, reaction
and the nonlinear partition coefficient. Such interaction could be
incorporated, but the mathematical analysis would then be very

difficult.

SINGLE CATALYST PELLET

The mass balance equation for the reactant in the catalyst pellet
is

10f,0C o
D, ;55; (72 _07) = ppSgk”C =0, (1)
where
D. = EP%K,. @

The drag coefficient K,, proposed by Renkin (1954) in his study
of porous cellulose membrane, is used here in our analysis
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K, =1—2104A + 2.09A3 — 0.95A5, (8)
where

A=a/r, 4)

The surface area is related to the pore radius and the pore volume
as follows

rp =2Vy/S, (5)

We shall assume that the pore volume does not change with the
pore radius. Thus, the surface area is proportional to the inverse
of the pore radius.

Substituting Eq. 2 into Eq. 1, we obtain:

Db ii(zd_c_)_ »Sge’ve - =g
T KA 2dr\ dr Pok T c=0 ®

At the pellet center, the usual symmetry condition
r=0;, dC/dr=0. (7

At the surface of the catalyst pellet, due to the comparable di-
mension between the rectangular molecular size and the pore size,
partition coefficient was often used in many works. However, in
the recent work of Glandt (1981), the pore surface concentration
is nonlinearly related to the bulk concentration as follows:

Cp Cp)2
- * | D K:l=2 s 8
K +K‘(cm)+ 2(0,,.” ®

where Cy, is the bulk concentration, K,, is defined as for cylindrical
pore

CR)=0Cy

K, =(1— N2, 9

and K3,K; are defined numerically in Glandt (1981) as functions
of A. C,, is defined as C,, = 1/N4d3. For our subsequent analysis,
we have fitted a sixth-order polynomials to the curves of K{ and
K3 vs. A and have found

% —ah+ BA2 4+ oAB + dM + eAS + fAS,  (10)

0

where
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Figure 1. Plot of nondimensional reaction rate vs. reactant/pore size ratio for

Oist

¢ = 1.

a =3.441710 b= —3.818080
c= 61.419275 d = —226.648785
e= 426.348267 f=—3804.456892

and

(11)

L=EN PN £ ONS L N NS+ NS (1)

with
a’ = 2.133881 b'= —123.295985

¢’=1,007.599639 d’' = —3,763.450227

e'=6,551.702482 f' = —4,113.405604

(13)

By defining the following nondimensional variables and pa-

rameters

2 ”
4 =C/K,Chp x=1/R, €=Cy/Cp, ot = Lok Seolpo,

Equations 6 and 8 become:
1d 2dy) d2ZN
=2 (g2 YY) - 22y =,
w2dx (" drl " g0
x=0; dy/dx=0,
. K3 K3

x=1 g=1+K—:e+K—j62

where

g(\) =1 — 2.104\ + 2.0923 — 0.95\5,
Solution to Eqgs. 15 is

; A
Ko, , K o v
oI
° Vg

y=|1+

€pDpa

(14)

(15a)
(15b)

(15¢)

(16)

(a7

The quantity of practical interest is the amount of chemical
reaction rate inside the catalyst pellet. Its nondimensional form

18

1
0 o 1og el L ool [ U A N |
01 1 10 100
2
Figure 2. Optimal reactant/pore size ratio, Aopt, VS. ¢, with bulk concentration as parameter.
Page 850 September, 1984 AIChE Journal (Vol. 30, No. 5)



oC
4%R2D, —
) or | _ 2[ KiN , . Ky 2]
TRy BN M T R €
T

{qs‘,\/ coth [d)o ] 1]- (18)

The last bracket term in the RHS of Eq. 18 increases with A\, and
(1 — A\)2 decreases with A. Therefore, there exists an optimum A
such that the nondimensional reaction rate is maximum (Figure
1). The existence of this optimum pore size is due to the fact that
increase in pore size has two conflicting effects. The surface area
decreases and the diffusion rate increases. Therefore, the optimum
pore size exists irrespective whether the partition coefficient is
linear or nonlinear with respect to bulk concentration. Figure 2
shows the plots of At versus parameter ¢, with € as parameter.
The value of Cy,/C,, = 0.5 used corresponds to a concentration
close to 30% by volume. This is probably too high for virial series
treatment. Glandt (1981) in fact presented his result up to Cro/Cp
= 0.4. Therefore, extrapolation to higher Cp,/C,, is not recom-
mended. Clearly, the optimum Ay is not only a function of ¢, but
also a strong function of the bulk concentration. If the linear par-
tition coefficient had been applied, such dependence of Agpt on the
bulk concentration would not have been observed. In fact, the
lowest curve in Figure 2 is the curve that would have been obtained
for the case of linear partition coefficient. It is interesting to observe
a steep drop on A for C,/C,,, = 0.5. This steep drop is due to the
inherent behavior of the partition coefficient K vs. A obtained by
Glandt (1981) (Figure 4 in his paper). In fact, in his Figure 4, when
Cpo/Cp = 0.4 the parameter A changes abruptly for K about
0.6.

The nonlinear partition coefficient proposed by Glandt (1981)
reduces the optimal pore size. For example, when ¢, = 1, € = 0.2,
a = 25 X 10710 m (typical molecular radius) of heavy petroleum
residue) the optimal pore radius calculated from the nonlinear
partition theory is 62.3 X 10719 m (Figure 2, middle curve) while
the optimal pore radius calculated from the linear partition theory
is 80.6 X 10719 m, Thus, the linear partition theory over-predicts
the optimal pore radius by 30%. The reasons for this lower optimum
pore radius is because the nonlinear partition coefficient proposed
by Glandt (1981) enhances the concentration of diffusion species
on the surface.

A plot of Agpt vs. (Cp/C) with ¢, as parameter is shown in
Figure 3. For subsequent analysis of a fixed bed reactor, we fit a
parabolic polynomial to the curve of Agp vs. (Cp/Crn)

Cy Cp\2
)\opt o, + oy (Cm) + Qg (aﬂ') ’ (19)
where o, oy and a are functions of ¢, and are tabulated in Table
1. We observe the concavities of the curves change as ¢, increases
(Figure 3). This change is due to the inherent behavior of K versus
A (Glandt, 1981, Figure 4).

FIXED BED REACTOR

Consider a fixed bed reactor containing porous catalyst pellets.
The mass balance equation in the reactor is

A opt

0 L 1 ! L
0 -1 ‘2 -3 ‘4 -5
Coo/Cm

Figure 3. Optimal reactant/pore size ratio, Aopt, vS. bulk concentration
(Cp/ Cp ), with ¢, as parameter.

The mass balance equation inside the porous catalyst and its
associated boundary conditions are given in Egs. 6, 7 and 8. By
defining the following nondimensional variables and parame-
ters

y = C/KDCbO) w= Cb/cba, x= T/R’ €= Cbo/cm,

(21a)

D
§=z/L, v=38(1—e)e szL

5= R2p,k”Sgotpo T

o D (21b)
Equations 6, 7, 8 and 20 become Eqs. 15a and 15b
x=1 [1 + K:&; €w + 08\\; w2 (22)
dw
it Wg(A)Ko()\) 3- S0 =0 w=1 (23
respectively.

For optimal operation of the fixed bed reactor, the parameter
Aopt must be related to the bulk concentration as in Eq. 19. In terms
of w, it is

Nopt = 0 + €W + Oip€2w2, (24)
Solution to Egs. 15a, 15b, 22 and 28 is
dw
— = yF(w,\
FT: YF(w,A)

where

Kiv) K5\
F(w,)) = ~g(VK, (Vo [1 + K | KEN g
ddC” +a-a)p %—f— =0 2=0, C=Cp KO(") Ko(’*)x
coth | ¢, —} - 1}. 26
(20) [ i [ 2Py I
TABLE 1. CONSTANTS @j, @3 AND ag AS FUNCTIONS OF ¢,
bo 0.1 1 2 3 4 5 10 20 100
[+ 7 0.3320 0.3100 0.2750 0.2470 0.2270 0.211 0.1740 0.1540 0.1390
a 0.8923 0.4477 0.1407 0.0447 0.1520 0.170 0.1483 0.1367 0.1243
ag —0.8367 0.0367 0.6467 0.8267 0.1400 0. -0.0167 —0.0033 0.0033
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Figure 4. Plot of reactant concentratlon and optimal reactant/pore size ratio Aoy vs. reactor length for ¢ = 0.2 and ¢; =12,3.

Since A is algebraically related to w was in Egs. 24, Eq. 25 can be
rewritten:

2 = 76 9 v, (@)
Solution to Eq. 17 can be written in terms of quadrature
e dw
22—y 28
AR (28)

Knowing w as a function of {, A as a function of { can be obtained
directly from Eq. 24. This function will give the optimal pore radius
distribution for a given reactant molecular size.

Figure 4 shows the concentration and the optimal pore radius
vs. the nondimensional distance ¢ for € = 0.2 and various values
of ¢,. As expected from the previous section result on single pellet
studies, the optimum A, decreases as the bulk concentration de-
creases. Ta illustrate the advantage of the optimal profile, we cal-
culate the reduced length for the case of € = 0.5, ¢, = 1. For such
a case, the reduced length 7y { for 90% conversion is 38 for the op-
timal reactor. For the same set of parameter, if the pore size dis-
tribution is uniform throughout the reactor and is equal to the
optimal pore size at the entrance, the reduce length v { for 90%
conversion is 46. Thus the optimal reactor cuts down the length by
17%.

The optimum pore size is seen to be a continuous function of
reactor axial distance. Although it would be difficult to produce
catalysts with varying pore size, it is still feasible that certain pore
size catalysts could be packed in one section, other pore size cata-
lysts could be packed in other section of the reactor and so on, de-
pending on the availability of different pore size catalyst com-
mercially.

CONCLUSION

The determination of optimal pore size for the catalytic con-
version of large molecules, such as heavy petroleum residue or
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coal-derived liquid, in a single catalyst pellet has been presented
in this paper. The optimal pore size not only depends on the
physico-chemical characteristic of the reacting system but also on
the bulk concentration surrounding the catalyst pellet. The fixed
bed reactor containing such catalysts has also been analyzed the-
oretically, and it was found that for running the reactor in an op-
timal fashion, the pore size must be a function of distance along
the reactor. In fact, for a given reactant molecular size, the pore
size must increase along the reactor to compensate for the depletion
of the reactant concentration.

NOTATION

reactant molecular radius
intraparticle concentration
ulk concentration
concentration, (=1/N,d3)
molecular size
effective diffusivity
function, defined in Eq. 26
function defined in Eq. 16
surface reaction constant
drag coefficient
linear partition coefficient defined in Eq. 9
= coefficients defined in Eq. 8
= Avocadro number
radial coordinate
pore radius
reference pore radius
interior surface area per unit mass
reference interior surface area per unit mass
superficial fluid velocity
= pore volume per unit mass
= nondimensional radial coordinate
= nondimensional intraparticle concentration
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Greek Letters

a; = coefficients defined in Eq. 24
v = parameter defined in Eq. 21

€ = parameter defined in Eq. 14

€, = bed voidage

¢p = pellet voidage

A = ratio of reactant molecular size to pore size

pp = pellet density

T = tortuosity factor

¢o = parameter defined in Eq. 14

) = nondimensional reaction rate defined in Eq. 18
¢ = nondimensional distance along the reactor
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Decomposition Strategy for the Synthesis of Minimum-Unit Heat

Exchanger Networks

INTRODUCTION

The heat exchanger network synthesis problem has been re-
viewed by Nishida et al. {1981). We consider the problem with np,
hot streams and n, cold streams, each with given flow rate, heat
capacity, inlet and target temperatures. We adopt the terminology
and notation of Flower and Linnhoff (1980) and Nishida et al.
(1981).

In previous work, the “minimum number” of heaters, coolers,
and exchangers required to solve the problem, 1y, is given as one
less than the total number of streams and services (Hohmann,
1971):

Tomin = Nhp + Mhs + Be + Ngs — 1 oy
where
n.s = number of hot services
nps = number of cold services

Flower and Linnhoff note that when heat recovery demands are
stringent, i.e., when heat is to be transferred between streams across
a small temperature difference, the minimum number of ex-
changers may be larger than this. Flower and Linnhoff also note
that occasionally a solution may be produced which exhibits fewer
units than this “minimum” number, and they give an example
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solution for 10SP1 exhibiting only nine units. In this work the
conditions under which such solutions can be produced are ex-
plored, and a strategy for locating them efficiently is proposed.

Linnhoff et al. (1979) illustrate the manner in which the number
of heat exchanger units in a solution can be reduced by dividing
the problem into two separate components. In this work such a
strategy is adopted and applied to a problem of unprecedented size
and is found to yield desirable benefits from a design and opera-
bility standpoint.

ADVANTAGES OF THIS METHOD

The Decomposition Strategy yields these benefits:

1) Solutions are produced containing fewer heat exchangers for
a given problem than would be expected based on Eq. 1.

2) Very large reductions in computational difficulty are realized,
facilitating the solution of large problems with 20 streams or
more.

3) Actual designs based on the resulting solutions exhibit mod-
ularity and independent operation, simplifying controllability.

ESTABLISHING THE MINIMUM NUMBER OF EXCHANGERS

If we ignore the heat loads, temperature compatibilities, etc.,
of the hot and cold streams, leaving only the requirement that every
stream be matched at least once, the minimum number of ex-
changers required is only as large as the larger of the set of hot
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